In this work, we provide evidence for the interactions between VirB8 and VirB10, two core components of the type IV secretion system (T4SS). Using nuclear magnetic resonance experiments, we identified residues on the b1-strand of Brucella VirB8 that undergo chemical shift changes in the presence of VirB10. Bacterial two-hybrid experiments confirm the importance of the b1-strand, whereas phage display experiments suggest that the a2-helix of VirB8 may also contribute to the interaction with VirB10. Conjugation assays using the VirB8 homolog TraE as a model show that several residues on the b1-strand of TraE are important for T4SS function. Together, our results suggest that the b1-strand of VirB8-like proteins is essential for their interaction with VirB10 in the T4SS complex.
Gram-negative bacteria use type IV secretion systems (T4SS) to translocate macromolecules across the cell envelope. A typical T4SS contains 12 conserved VirB proteins that form a macromolecular complex that spans the inner and the outer membrane of both Gram-negative [1] [2] [3] and Gram-positive bacteria [4] . A high-resolution substructure containing the core complex and outer membrane portion of the T4SS comprising homologs of VirB7, VirB9, and the Cterminal domain of VirB10 from plasmid pKM101, was determined using single-particle electron microscopy and X-ray crystallography [5, 6] . The localization of VirB4 in the inner membrane part of the complex was also determined using single-particle electron microscopy [7] . Despite these advancements, the interactions between the proteins from the inner membrane part of the complex (e.g., VirB3, VirB6, VirB8, and VirB10) remain to be defined at both the structural and functional level.
VirB8-like proteins undergo several protein-protein interactions that impact both the functionality and assembly of the T4SS complex [8] [9] [10] [11] [12] [13] [14] . VirB8 from Brucella suis (VirB8s) is comprised of an 18-kDa periplasmic domain, a single transmembrane helix, and a 5 kDa cytoplasmic N terminus. The crystal structures of the periplasmic domain of VirB8 homologs from gram-negative and gram-positive bacteria have similar folds that consist of a single a-helical region and a single b-sheet domain [15] [16] [17] [18] [19] . VirB8 proteins from gram-negative bacteria were shown to dimerize through this a-helical region of the periplasmic domain [16, 20, 21] , but the molecular basis of VirB8 interactions with other VirB proteins in the context of the T4SS complex remains unknown.
VirB10 is an essential component of the T4SS that spans the inner and the outer membrane and is required for the translocation of substrates [22] . The crystal structure of the outer membrane core complex from pKM101
Abbreviations AC, adenylate cyclase; BTH, bacterial two-hybrid; HSQC, heteronuclear single-quantum coherence; NMR, nuclear magnetic resonance; T4SS, type IV secretion system.
showed that the C-terminal domain of TraF (homolog of VirB10) interacts in the outer membrane complex with TraN and TraO (homologs of VirB7 and VirB9) [6] . The ATPase activities of VirD4 and VirB11 are required for conformational changes in VirB10 that may be linked to substrate translocation [23] . A dynamic model for the sequence of interactions between VirB8, VirB9, and VirB10 forming the periplasmic core complex assembly has been suggested [14] , but there is little information on the interaction sites of VirB8 with either VorB9 or VirB10. The analysis of variants of B. suis VirB8 (R230D, T201A, and T201Y) on the solvent-exposed b-sheet interface showed that substituting for these amino acids lead to reduced intracellular growth in macrophages [11] . Changing T201 (T201A and T201Y) also decreased the interaction with VirB10 in vitro [11] , suggesting that the b-sheet interface may be the site of interaction. In this work, we analyze the interaction of the periplasmic domain of VirB8s (VirB8sp) with the periplasmic domain of VirB10 from B. suis (VirB10sp) using a combination of biochemical and genetic approaches. In addition, we analyze variants of the VirB8 homolog TraE from pKM101 to assess the effects of changes in the protein sequence in the natural biological context. Our results suggest that VirB8 interacts with VirB10 via the b1-sheet.
Materials and methods

Cloning and protein expression
The strains and plasmids used in this study are presented in Table 1 . Plasmids pHTVirB8sp and pHTVirB10sp were transformed into Escherichia coli strain BL21 star (DE3) for protein expression. For NMR experiments, 15 N-labeled VirB8sp was produced as previously described [21] .
Protein purification
Hexa-histidine-tagged B. suis VirB8sp (residues 77-239) and VirB10sp (residues 53-391) were initially purified by metal ion affinity chromatography, followed by cleavage of the His-tag with TEV protease and final purification by gel filtration as described [24, 25] .
NMR assignments and chemical shift perturbation experiments
All NMR experiments were carried out at 300 K on a Bruker 500 MHz spectrometer (at Universit e de Montr eal) equipped with z-pulsed-field gradient units and triple resonance probes. NMR data were processed using NMRPIPE [26] and analyzed by CCPNMR [27] . Signal peaks in heteronuclear single-quantum coherence (HSQC) experiments were referenced based on the assignment of VirB8sp (BMRB accession no. 26852) [21] . HSQC spectra of VirB8sp were collected at the concentration of 0.2 mM as described [21] 
Bacterial two-hybrid assay
The interactions between variants of VirB8s with VirB10s were examined using the bacterial two-hybrid (BTH) assay as described [14, 24, 28] . The steady-state levels of adenylate cyclase (AC) T18 and T25 domain fusion proteins in the cells were assessed by Western blot using VirB8s-and VirB10s-specific antisera [20] .
Phage display
Purified VirB10sp in 0. [24, 29, 30] . The sequences of VirB10sp-binding peptides were aligned with the VirB8sp protein sequence using the Relic server's MATCH program [31] .
Bacterial conjugation assay
Conjugation experiments between E. coli strains FM433 pKM101 (donor, ampicillin resistant) and a nonpolar traE transposon insertion variant of pKM101 and WL400 (recipient, chloramphenicol resistant) were conducted as described [16, 32] . Complementation of the traE insertion was conducted with plasmid pTrc200 expressing TraE and its variants (Table 1) . Conjugation frequencies were calculated as the mean of three biological replicates and one-way ANOVA was performed to determine statistical significance (GRAPHPAD Prism version 7.00, La Jolla, USA).
Results
NMR analysis suggests that interaction with VirB10sp causes conformational changes in VirB8sp
In previous work, we showed that changing T201 of VirB8s to other amino acids reduced its binding affinity to VirB10 [11] . In order to obtain higher resolution information on the VirB10-binding interface on VirB8, we performed NMR chemical shift perturbation experiments with VirB8sp and VirB10sp. (Fig. 1A) . The signals exhibiting the most significant and clearly measured chemical shift changes (dD > 0.03) correspond to residues S157 and V166 (Fig. 1B) . We also observe significant chemical shift changes in residues G174, R179, T201, and Q205, but the precise determination of their chemical shift perturbation is somewhat ambiguous due to their overlap with other signals following addition of VirB10sp (Fig. 1A,B) . Interestingly, all of the residues showing significant changes are located on the surface of VirB8sp and primarily within the b-sheet domain (Fig. 1C) .
Phage display reveals a domain of VirB8sp that may interact with VirB10sp
As an independent approach to obtain insights into the VirB8-VirB10 interaction, we performed phage display analysis to identify interacting regions using randomized libraries of peptides displayed on the surface of phages [24, 29, 30] . Purified VirB10sp was used as bait for peptides displayed on the surface of M13 phages from two randomized peptide libraries (Ph.D.-12 and Ph.D.-C7C; NEB). Analysis of the sequence of binding phages reveals the sequences of peptides that have the capacity to bind to VirB10sp. Alignment of the binding peptides with the sequence of VirB8sp identifies 10 peptides that have significant sequence similarity ( Fig. 2A) . Two clusters of peptides localize onto the sequence of VirB8sp, one to the inward-oriented a2-helix (residues 129-135) and the second to the surface-exposed b1-strand (residues 159-169; Fig. 2B ). The latter sequence includes residue V166, which displayed the most significant chemical shift changes in the VirB8-VirB10 NMR experiments (Fig. 1C) , providing further evidence that the b1-strand is part of the VirB8-binding interface to VirB10.
Identification of residues of VirB8s involved in the interaction with VirB10s using the bacterial two-hybrid assay
To assess the importance of the b1-strand and of other potential interacting regions of VirB8 on the VirB8s-VirB10s interaction in vivo, we used the BTH assay [28] . Proteins are fused to enzymatically inactive domains of AC, and in the case of an interaction this leads to restoration of cAMP production, triggering a signaling cascade and the production of b-galactosidase in an AC-deficient reporter strain. VirB8 residues on the b1-strand (V159 to V169) as well as adjacent surface-exposed residues (G174, T201, and Q205) that show chemical shift changes upon interaction with VirB10 were changed to alanine (Fig. 3A) . Analysis of the interactions of AC fusions to VirB8s and its variants with VirB10s AC fusions shows that changes in all b1-strand residues lead to significant reductions in the interaction, and the V163A and S167A changes have the strongest effects (Fig. 3B) . Also, the G174A, T201A, and Q205A changes lead to significant reductions of b-galactosidase activity in the BTH assay. Western blot analyses show reduced levels of many VirB8s variants in the cell as compared to wild-type, and the levels of VirB10s are equally reduced in these strains (Fig. 3B) . The amount of the S167A fusion is the lowest correlating well with the ΒΤΗ assay data.
Conjugation assays demonstrate the functional importance of the b-1 strand surface for functionality of the T4SS
To assess the importance of the VirB8s residues identified above for T4SS functionality, we studied the impacts of corresponding changes in the VirB8 homolog TraE on conjugative plasmid transfer of pKM101. The structure of TraE is very similar to VirB8s [16] , and we changed residues on the b1-strand and adjacent residues corresponding to G174, Q205, and T201 in VirB8s to alanine (Fig. 4A,C) . We then tested complementation of plasmid transfer of a nonpolar pKM101::traE transposon insertion mutant [32] by TraE wild-type protein and variants. Changes in the b1-strand residues, N162A and S163A, result in significant decreases in conjugation, and no plasmid transfer is observed in the case of V164A (Fig. 4B) . In addition, the G171A, I198A, and E202A changes inhibit conjugation and the effect is very strong for the G171A and E202A variants (Fig. 4B ). Western blot analysis shows that TraE and its variants are present Fig. 3 . BTH assay to assess the interactions of VirB10s with variants of VirB8s. (A) The residues in VirB8s that were changed to alanine are mapped (labeled in red) on a cartoon representation of the crystal structure of VirB8sp (PDB code 2BHM) [15] . (B) Analysis of the interactions between VirB10s, VirB8s, and VirB8s alanine variants using the BTH assay; negative controls without expression of VirB8s or VirB10s. Values and standard deviations were calculated from three independent experiments. Analysis of the expression of fusion proteins by western blotting with VirB8sp-and VirB10sp-specific antisera. Signals correspond to the predicted molecular masses of VirB8s and VirB10s fusion proteins to domains of AC.
at comparable levels in the cell (Fig. 4B) , suggesting that the changes inhibit their interaction with the T4SS, presumably with the VirB10 homolog TraF, but not their overall stability.
Discussion
It was previously reported that VirB8, VirB9, and VirB10 interact and form part of the core T4SS [9, 14] . In this work, we provide evidence for the molecular basis of the interaction between VirB8 and VirB10. We used NMR chemical shift perturbation experiments to identify residues of VirB8 involved in the interaction and mapping these residues onto the crystal structure of VirB8sp [15] showed that they localize primarily to a surface in the b-sheet domain (V166, R179, T201, and Q205). These results are consistent with previous studies showing the importance of T201 for the interaction of VirB8s with VirB10s in vitro and for T4SS function in Brucella [11] . The assignments of some of the NMR chemical shift changes were ambiguous due to signal overlap following addition of VirB10. However, NMR spectroscopy greatly aided in the identification of the interaction site and the following results in cell-based assays showed that indeed all these residues are likely part of the binding site to VirB10. As an independent approach to identify the interaction site, we performed phage display analysis and the isolated peptides do also point to the b-sheet domain, notably to the b1-strand (V159-V169), as the likely interaction site with VirB10sp.
To assess the importance of the residues identified as important in the VirB8-VirB10 interaction in vitro in an in vivo assay, we changed them by site-directed mutagenesis to alanine and analyzed the interaction of VirB8s and of its variants with VirB10s using the BTH assay. These experiments showed that changes in most residues on the b1-strand of VirB8s significantly reduce its interaction with VirB10s. In addition, changes in adjacent surface residues (G174, T201, and Q205) to [15] and TraE [16] . (B) Conjugation assays showing effects of changes on the capacity of TraE and TraE variants to complement a pKM101::traE transposon insertion deletion (CFU, colony-forming units of recipient strain). Averages and standard error of the mean of three biological replicate cultures of each variant are represented (P < 0.0001, n = 3; stars added to variants with significant P value). The lower panel represents a western blot showing expression of TraE and TraE variants using TraE-specific antiserum. (C) Sequence alignment of the b-strand regions of VirB8s and TraE. Conserved and similar residues are indicated and changes at TraE residues labeled in red were studied using the conjugation assay.
alanine also reduce the interaction, providing additional support for the localization of the interaction site. It was interesting to note that the levels of fusion proteins in the cell correlated with the results of the BTH assay. The VirB8s-VirB10s interaction probably stabilizes both proteins in the E. coli strain used for the BTH assay that lacks other interaction partners from the T4SS. When this interaction is weakened by changes in the interaction site, this apparently reduces the stability of the VirB8s and VirB10s fusion proteins, which is similar to the previous observations that we made studying interactions between other components of the T4SS complex using the BTH assay [24] . Interestingly, residues V166, G174, and Q205 also undergo chemical shift changes during monomer-to-dimer transition of VirB8s [21] , indicating that binding to VirB10s may influence VirB8s self-association during T4SS assembly.
To assess the functional importance of the identified VirB8-VirB10 interaction site, we studied conjugative plasmid DNA transfer mediated by the T4SS from pKM101 as a model. The Brucella and the pKM101 T4SS share 11 VirB protein homologs and the structures of VirB8s and of its homolog TraE are very similar [15, 16] . This enabled us to identify the residues in TraE corresponding to the b1-strand (V159-V169) as well as adjacent surface residues G174, T201, and Q205 in VirB8s. Changes in the b1-strand residues N162 and S163 of TraE to alanine lead to significant decreases in conjugation, and it was essentially abolished in cells expressing the V164A variant. These residues are the equivalents of residues V166, S167, and I168 in the b1-strand of VirB8s. In addition, the G171A and E202A changes in TraE strongly inhibit conjugation and they are the equivalents of G174 and Q205 in VirB8sp, which display significant chemical shift changes upon interaction with VirB10sp. In the case of residues I161 and I198 from TraE (equivalent to I165 and T201 in VirB8s, respectively), the reduction in conjugation is relatively modest, but taken together, the results with the pKM101 conjugation assay confirm the functional significance of the VirB10 interaction site identified in VirB8s.
Despite a significant degree of conservation between the components of the Brucella VirB T4SS and the pKM101 Tra T4SS as well as the conservation in the overall structure of VirB8s and TraE, we cannot assume with certainty that each equivalent amino acid is involved in the same interactions in the two systems. However, the fact that we identified several functionally important residues that localize to the b1-strand of VirB8s and TraE, or closely adjacent, suggests that we have identified a functionally significant site for the interaction between VirB8 and VirB10 homologs. In contrast to the results of the BTH assay, disruption of the interaction does not affect the levels of TraE variants in the cell and this may be due to the presence of other components of the T4SS stabilizing the protein. The changes in TraE may also affect binding to other T4SS components, for example with the VirB4 homolog TraB [11] , explaining the strong effects on bacterial conjugation as compared to the more moderate effects on the protein-protein interaction in the BTH assay. VirB10 was shown to bind VirB6 [24] and VirB8 and VirB6 are also believed to interact [22] , suggesting that a subcomplex composed of VirB6, VirB8, and VirB10 may constitute the inner membrane part of the T4SS. However, until now no detailed information on the structure of the inner membrane part of the T4SS was available [7] . Our work therefore sheds light on this important open question.
